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Protein Intake from Birth to 2 Years and Obesity
Outcomes in Later Childhood and Adolescence:
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Emerging evidence shows an association between protein intake during infancy and later obesity risk, and that association may differ by protein
sources. This systematic review summarized and evaluated prospective cohort studies assessing the long-term association of total protein intake
and protein sources during infancy (from birth to 2 y) with subsequent obesity outcomes in childhood or adolescence. Literature searches were
conducted in Embase, Medline, Scopus, and Web of Science. Sixteen studies that reported associations between total protein intake and/or protein
intake from different sources from birth to 2 y and >1 obesity outcomes in childhood or adolescence from 9 cohorts were identified. Most studies
(11/16) were rated as high quality. The most frequently reported association was total protein intake and BMI (up to 10 y) with 6 out of 7 cohorts
showing significant positive associations. Similar associations were found for animal protein, but not for plant protein. Limited studies examined the
association between protein intake (both total and sources) and body composition (body fat, fat mass, and fat-free mass) and revealed inconsistent
findings. Overall, higher intakes of total and animal protein during infancy were associated with higher BMI in childhood and adolescence. Future
studies investigating the contribution of protein sources in long-term obesity development are needed. This review was registered at PROSPERO
as CRD42020166540. Adv Nutr 2021;12:1863-1876.

Statement of Significance: This is the first systematic review that summarized the evidence from the prospective cohort studies examining
the association between intakes of total protein and protein from different sources from birth to 2 years and later obesity outcomes in
childhood and adolescence.
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Introduction

Childhood obesity is a major global public health concern
(1, 2). The WHO estimated that 40 million children under
the age of 5 y were overweight or obese in 2018 and that
>340 million children and adolescents aged 5-19 y were
overweight or obese in 2016 (1). Childhood obesity is a
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risk factor for obesity, diabetes, and cardiovascular disease
in adulthood, with the WHO estimating that >1.9 billion
adults over the age of 18 were overweight or obese in 2016
(1, 3). Thus, obesity prevention in early childhood is critical
for combating overweight and obesity and obesity-related
adverse health outcomes across the life span.

The first 1000 days, which span from conception through
to 24 mo of age, represent a critical period for growth and
development as well as the prevention of childhood obesity
(4, 5). It is undisputed that protein is essential for healthy
growth and development in children and that nutrition
in early life determines obesity risk and associated health
outcomes later in life (6-8). Emerging studies suggest that
high protein intake in infancy may be associated with higher
BMI or obesity risk in childhood and adolescence (7, 9, 10).
The most commonly suggested mechanism is that excess
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protein intake during infancy may increase the secretion
of insulin and insulin like growth factor I (IGF-I), thereby
promoting rapid weight gain and, in turn, subsequent obesity
development (7, 8, 11). Rapid weight gain during the first
2 y of life has been associated with a 3-fold increase in
later obesity risk (12). Moreover, accumulating evidence
demonstrates that protein intake from different sources (e.g.,
animal or plant) in early life may have different effects on
subsequent obesity development (13-15).

No systematic review to date has focused on intakes of
total protein and protein sources from birth to age 2 y and
later obesity outcomes in childhood and adolescence. This
information may be useful for the evaluation of current
protein intake recommendations during infancy and for
guiding health care professionals in providing dietary advice
on optimal protein intake during infancy. Therefore, the
aim of this systematic review was to comprehensively review
and appraise studies that explored the long-term associations
between intakes of total protein and protein from different
sources during the first 2 y of life and subsequent obesity
outcomes in childhood and adolescence.

Methods

This review was registered with PROSPERO (registration
number CRD42020166540). Reporting of the review fol-
lowed the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) checklist.

Eligibility criteria

Prospective cohort studies that assessed the association
between total protein intake and/or protein intake from
different sources from birth to 2 y and subsequent obesity
outcomes in childhood and adolescence (up to 18 y) were
eligible for inclusion. Studies were eligible if they included at
least 1 obesity outcome, such as body weight (BW), BMI [SD
score (SDS) or z score], overweight or obesity risk, or other
body-composition measures (i.e., body fat, fat mass, fat-free
mass, etc.). Studies were ineligible if they assessed protein
intake beyond 2 y of age, or the follow-up assessment was
undertaken after 18 y of age. This age limit was informed
by the known differences in metabolic and physiological
functions of protein in children and adults (16). For example,
high protein intake has been promoted as beneficial for
weight loss in adults due to its potential impact on satiety
(17). For protein sources, studies that assessed intake of
protein-containing foods per se, but not protein intake
from that food source, were excluded. For example, studies
that assessed the association between meat intake or infant
formula of varying protein content and obesity outcomes
were excluded (18, 19), whereas studies that examined
protein intake from meat or infant formula with obesity
outcomes were included. Reviews, cross-sectional studies,
and commentaries were excluded. Studies that included
children with endocrine/metabolic disorders or severe illness
were excluded. Only human studies and studies published in
English were eligible for inclusion.
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Search strategy

Embase, Medline, Scopus, and Web of Science databases
were systematically searched from inception to March
2020. Key search terms included “protein intake,” “protein
sources,” “infancy,” “obesity,” and “body composition.” The
tull search strategy in Embase is provided in Supplemental
Table 1. Additional articles were identified through searches
in Google or screening of relevant study reference lists.

Study selection and extraction

Articles identified from the 4 databases were imported into
Endnote X9 (Clarivate) and duplicates were removed. All
titles and abstracts of the identified articles were initially
screened against the eligibility criteria and ineligible articles
were excluded. Full texts of the remaining articles were then
retrieved and screened. Both titles/abstracts and full texts
were assessed by 2 independent researchers. If conflicts over
the inclusion of a study arose between the 2 researchers,
a third researcher assessed the study and conflicts were
resolved via discussion. The reasons for exclusion were
recorded. Data extraction was conducted by 2 independent
researchers (AS and H-JY) and checked for accuracy and
completeness by a third researcher (MZ). Information on
study sample characteristics, age at protein intake assess-
ment, total protein intake, intake of protein sources, dietary
assessment tool used, age at outcome assessment, obesity
outcomes, confounders, and findings was extracted.

Results synthesis and meta-analysis

Findings from all included studies were summarized and
synthesized into associations of total protein intake or
individual protein source with each obesity outcome, respec-
tively. Studies that evaluated potential linear or nonlinear
relations or conducted subgroup analysis within the whole
sample were also extracted. As most of the included studies
reported B-coeflicients or ORs for the associations between
per-unit change in total protein or protein sources (e.g.,
animal and dairy) and obesity outcomes (continuous or
categorical), meta-analyses to obtain a pooled estimate
were conducted. For multiple studies that reported similar
associations from the same cohort, results from 1 of the
studies were included in the meta-analysis.

Risk-of-bias assessment

The quality of included studies was evaluated using the
Scottish Intercollegiate Guidelines Network 50 (SIGN 50)
methodology checklists for cohort studies (20). This tool
was deemed the most suitable for assessing the quality
of prospective cohort studies, taking into consideration
selection bias, attrition rate, and assessment quality (21,
22). With this tool, study quality is evaluated via 5 aspects
including research question, selection of subjects, assessment
of outcomes, confounding, and statistical analysis (20). Two
checklist items, “assessment of outcome is made blinded
to exposure” and “recognition of exposure influencing
outcome,” did not apply to our research question and were
omitted. Two additional items on power size justification



5022 Records identified
8 through database searching and
";': imported into Endnote
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FIGURE 1 Flowchart for the selection of prospective cohort studies examining the association between protein intake from birthto 2 y

and obesity outcomes in childhood or adolescence.

and source of funding adapted from the National Institute
of Health Quality Assessment Tool for Observational Cohort
and Cross-sectional Studies were added to the checklist to
enhance the tool (23). Two reviewers (H-JY, MZ) conducted
the quality assessment independently and resolved discrep-
ancies through discussion. Studies were given a rating of
high (majority of items met and results unlikely to change by
further research), acceptable (most items met and conclusion
may change in further studies), and low (most items not met
and conclusion likely to change in further studies) (20).

Results

Study selection

Figure 1 outlines the study selection process whereby 5022
studies were found in the 4 databases. Abstract and title
assessment removed 2976 studies. Full-text assessment found
135 studies eligible for screening. Of the 135 screened texts,

50 articles were not prospective cohort studies, 39 studies
did not assess obesity outcomes, and 32 studies had study
populations that were not relevant to this review. Two
additional articles were identified as relevant and included.
The total number of eligible studies for inclusion was 16.

Study characteristics

The 16 included studies reported results from 9 cohorts.
The sample size ranged from 90 to 3573 participants
(Table 1) (14, 24-38). Cohorts were predominantly from
Northern or Western Europe (Denmark, Iceland, Germany,
Netherland, the United Kingdom) followed by Italy and the
United States. Most studies (n = 11) utilized data from
the following 4 cohorts: the Second Longitudinal Icelandic
Infant Study (n = 2) (34, 35), the Dortmund Nutritional
and Anthropometric Longitudinal Design (DONALD) study
(n = 3) (14, 26, 27), the Generation R study (n = 4)
(24, 29, 36, 37), and the Gemini UK twin study (n = 2)
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(31, 32). These studies were considered separately in the
currentreview as they assessed different associations between
protein intake (total protein or protein sources) and obesity
outcomes (different obesity outcomes at different follow-up
time points) within the same cohort. Ten studies assessed
protein intake before or at 1 y of age (24, 25, 28, 29, 33-38),
and 3 studies assessed protein intake from 1 to 2 y of age
(30-32). The remaining 3 studies examined protein intake
both from birth to 1 y and 1 to 2 y of age (14, 26, 27). Five
out of 16 studies assessed protein intake on >1 occasion
(range: 2-24 mo across the first 2 y) (14, 25-27, 34). The
numbers of studies that evaluated total protein intake only,
protein sources only, and both were 7 (25-28, 31, 33, 34),
3 (30, 32, 38), and 6 (14, 24, 29, 34, 36, 37), respectively.
The most assessed protein sources were animal protein and
plant protein. Animal protein was further disaggregated into
nondairy animal (meat/fish/eggs) protein or dairy protein.
Two other studies also reported on milk or cereal proteins
(14, 32).

Protein intake was assessed as grams per day, percentage
of total energy intake (%E), or grams per kilogram of BW.
Fifteen studies assessed total protein intake (14, 24-29, 31-
38). Nine studies examined protein sources (14, 24, 29, 30,
32, 34, 36-38). Intakes of total protein and sources in each
study are shown in Supplemental Table 2. Among studies
that reported both animal and plant protein, total protein
intake consisted of approximately two-thirds animal sources
and one-third plant sources. Five studies collected dietary
data using an FFQ (24, 29, 33, 36, 37). Eleven studies collected
dietary data using a weighed food record (WFR), with most
being conducted over 3 consecutive days (14, 25-28, 30-
32, 34, 35, 38). BMI or BMI z score (SDS) were the most
commonly reported obesity outcome followed by percentage
of body fat (%BF), weight, overweight risk, fat mass index
(FMI), and fat-free mass index (FFMI). Eleven studies
included obesity outcomes at a single follow-up after 2 y of
age, with a follow-up age ranging from 5 up to 11 y (14, 25-28,
33-38). Five studies assessed obesity outcomes on 2 or more
occasions (24, 29-32). Of these, 4 assessed trajectories of
obesity outcomes from protein intake assessment until 5 (31,
32),9(24),and 10 (29) y of age. The most commonly adjusted
confounders were child sex, child obesity measures at study
baseline or birth weight, breastfeeding status or duration,
total energy intake, maternal education, and maternal BMI.
Total energy intake is related to obesity, and protein intake
also contributes to total energy intake. Controlling for total
energy intake is essential to reveal the specific effect of protein
intake on obesity independent of total energy intake (39).
Most studies (13/16) adjusted for total energy intake and
revealed significant relations between total protein or protein
sources and obesity outcomes.

Risk of bias within studies

Of the 16 studies included in this review, 11 were deemed
to be of high quality (14, 24, 26, 27, 29, 31, 32, 34-37), 2
were classified as acceptable (25, 28), and 3 received a low-
quality rating (30, 33, 38) (Table 2). High-quality studies

TABLE 2 Quality assessment of studies assessing the association between protein intakes from birth to 2 y and obesity outcomes in childhood or adolescence’
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Comparison
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defined of exposure or power
description
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confounding provided
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rate
(<20%)

Quality rating

of funding

reliable measure measure

outcome

First author, year (ref)

Low
Acceptable

Scaglioni, 2000 (33)

Gunnarsdottir, 2003 (25)

Acceptable
High
High
High
Low
High
High
High
High
High
High
Low
High
High

N
N/D
N
N
N
Y
Y
N
N
N
N
N
N
N
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included a reliable assessment of protein intake by a validated
dietary assessment method, objectively measured outcomes,
adequately adjusted for important confounders (such as
obesity measures at study baseline or birth weight and total
energy intake and >1 maternal covariates), and reported Cls
for the findings (14, 24, 26, 27, 29, 31, 32, 34-37). Studies
that were determined to be of low quality failed to provide
a reliable assessment of protein intake or obesity outcomes
(self-reported) or did not adequately adjust for confounders
(30, 33, 38).

Results of individual studies

The number of studies reporting associations between
intakes of total protein or protein sources with each obesity
outcome is shown in Table 3. Detailed findings for each study
are presented in Supplemental Table 2.

Total protein intake and BMI or BMI z score (SDS)

Twelve studies reported the relation between total protein
intake and BMI (n = 6) (25, 28, 31, 33-35) or BMI z score
(SDS) (n = 6) (14, 24, 26, 27, 29, 36) from 7 cohorts,
with 10 studies reporting significant positive associations
(P < 0.05) (Table 3) (14, 24-27, 29, 31, 34-36). Seven studies
found higher total protein intake (g/d, %E, or g/kg BW)
was associated with higher BMI or BMI z score (SDS) at
5y (26, 33), 6 y (25, 34, 35), 9 y (24), and 10 y (29)
(Table 1). The other 3 studies revealed higher intake of total
protein in children with BMI >90th percentile versus <90th
percentile or a higher BMI SDS in the high-protein-intake
group compared with the low-protein-intake group (14, 27,
33). The remaining 2 studies reported no evidence of an
association between total protein intake and BMI or BMI SDS
at 6y (28, 36). In summary, 6 out of 7 cohorts revealed some
significant positive relation between total protein intake from
birth to 2 y and subsequent BMI or BMI z score (SDS) up to
10y.

Total protein intake and other obesity outcomes

Four studies reported the association between total protein
intake (%E, g/d) and %BF from 3 cohorts (14, 27, 28, 37)
(Table 3). Of these, 3 found significant positive associations
(14, 27, 37). A consistent positive association was found in
studies reporting on weight (28, 31) and weight SDS (24,
29). Two studies evaluating the relation between total protein
intake and overweight risk reported inconsistent findings
(27, 31). One study found that children with higher total
protein intake were more likely to be at a higher risk of
overweight at the age of 7 y (27). In contrast, the other
study found that total protein intake (%E) was not associated
with overweight risk either at 3 or 5 y of age (31). Three
studies investigated FMI or FEMI at 6 or 10 y of age in
the same cohort; a significant association was consistently
found for total protein intake with FMI but not FFMI
(29, 36, 37).
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Protein sources and BMI or BMI z score (SDS)

Six studies examined the association between animal protein
intake (total minus plant protein) and BMI (34) or BMI z
score (SDS) from 3 cohorts (14, 24, 29, 36, 38). Of these,
5 reported significant positive associations (14, 24, 29, 34,
38) and 1 study reported no association (36). A total of
6 studies also assessed the relation between protein intake
from nondairy animal sources (meat/fish/eggs) and BMI (32,
34) or BMI z score (SDS) (14, 24, 29, 30). Three found
significant positive associations (24, 29, 30) and 3 found no
associations (14, 32, 34). With respect to dairy protein, 4
out of 5 studies reported a positive significant association
between dairy protein intake and BMI or BMI z score at
5y (32), 7y (14, 30), 9 y (24), and 10 y of age (29). For
plant protein intake, all 6 studies reported no evidence of
an association with BMI or BMI z score (14, 24, 29, 32,
34, 36).

Protein sources and other obesity outcomes

Two studies assessed protein sources and %BF (14, 37). One
study found that higher animal protein, but not plant protein,
was associated with higher %BF at 7 y (14). When animal
protein was further categorized into nondairy and dairy
protein sources, a significant positive association with %BF
was found for dairy protein only (14). Similarly, Voortman
et al. (37) examined the association between animal versus
plant protein and %BF at 6 y and found a significant positive
association for animal protein but in girls only. Three studies
assessing weight or weight SDS also revealed mixed findings
(24, 29, 32). In the same cohort, both Braun et al. (24)
and Jen et al. (29) found that, apart from plant protein, all
animal, nondairy animal, and dairy source proteins were
associated with higher weight SDS trajectories until 9 and
10 y, respectively. In contrast, Pimpin et al. (32) reported
that dairy and milk protein, but not nondairy animal and
plant proteins, predicted higher weight at 5 y. Intakes of
animal protein (38), nondairy animal protein (30), dairy
protein (32), and milk protein (32), but not plant protein
(32), were found to increase the risk of overweight in later
childhood or adolescence. Of the 2 studies that assessed
FMI in the same cohort, a significant positive association
was found for animal protein (29, 36), but not for dairy
(29), nondairy animal (29), or plant (29, 36) protein
sources.

Assessment of linear dose-response or nonlinear
relation

Six studies examined the potential linear dose-response and
nonlinear relation between protein intake or sources and
obesity outcomes (14, 25, 26, 31, 37, 38). Three studies
revealed a potential linear dose-response relation (14, 26,
37). In the DONALD cohort, a linear positive relation was
found for intake tertiles of total protein (26) and animal
protein (14) with BMI SDS at 7 y (P-trend < 0.05). In the
Generation R Study, Voortman et al. (36) found a linear dose-
response relation between total protein tertiles and %BF and
FMI at 6 y. In comparison, a nonlinear threshold effect was
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found in 3 other studies. Gunnarsdottir and Thorsdottir (25)
found that BMI of the fourth total protein intake quartile
was significantly higher than BMI of the first and second
quartiles. Likewise, Weijs et al. (38) found that the highest
animal protein intake tertile had a higher BMI SDS and
overweight risk than the lower 2 tertiles. Pimpin et al. (31)
also found that intake in the top 2 quintiles of total protein
intake (16.3%E) was associated with higher BMI and weight
compared with the lowest quartile.

Subgroup analysis

Three of the 16 studies reported sex-specific associations
between total protein intake and BMI. Of these, 2 studies
found significant positive associations between total protein
intake and obesity outcomes in girls only (26, 37), whereas
the third study found a significant positive association in boys
only (25). Only 1 study reported subgroup analysis by child
rapid growth in the first year (37). This study found that the
associations between higher total protein intake at 1 y and
higher BMI SDS and FMI at 6 y were stronger in children
with catch-up growth than those with no catch-up growth
(37).

Synthesis of results (meta-analysis)

A total of 12 studies that reported 1-unit change in protein
intake or source and per-unit change in obesity outcome
from 7 cohorts were considered for inclusion in meta-
analyses (14, 24, 25, 28-32, 34-37). Suitability of pooling
studies was limited by multiple factors, which included the
small number of studies reporting similar associations. For
total protein intake, the number of studies reporting each
outcome was as follows: BMI (n = 5), BMI SDS (n = 4),
%BF (n = 3), weight (n = 2), weight SDS (n = 2), overweight
risk (n = 2), and FMI SDS (n = 3). Moreover, several
studies reported results from the same cohort but with
different follow-up endpoints (e.g., Generation R Study) (24,
29,36, 37). Another factor was the heterogeneity in reporting
of measurement units for exposure (e.g., g/d vs. %E) and
variations in age at the protein intake assessment (e.g.,
1 vs. multiple time points before 2 y of age). Furthermore,
age at the outcome assessment (e.g., BMI at 1 follow-up
vs. BMI trajectory from repeated follow-ups) also limits
the feasibility for pooling of effects. Last, the instances of
insufficient reporting of effects and their variability in some
studies was also a crucial factor [e.g., results reported to a
low level of precision (34) and “nonsignificant” (25) being
reported with no effect sizes, 95% CI, or SE].

Of the considered meta-analyses, only those for total
protein and BMI were deemed appropriate, with 4 of the
5 identified studies reporting on similar effects [estimated
effect of protein intake (%E) at 12 or 21 mo on BMI at 5 or
6 y]. One study was omitted due to insufficient information
as effects were reported for sexes separately and the result
for girls was reported only as “NS” (nonsignificant P > 0.05)
(25). Among the 4 remaining studies, 2 included participants
from the same cohort (but different participant subsets) and
produced similar estimate effects; here only 1 study was
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chosen to be included on account of more precise reporting of
effects (34, 35). Using results from 3 studies, a meta-analysis
for the effect of total protein (%E) on BMI was conducted
using a random-effects model, which gave a pooled effect
estimate of 0.05 (95% CI: 0.02, 0.08) kg/m? (Figure 2) (28, 31,
34). There was minimal heterogeneity in the effect estimates
(* = 0.87%, chi-square test P < 0.49) (40). This pooled
estimate was unsurprisingly similar to the effect estimate of
0.04 (95% CI: 0.01, 0.07) kg/m?* from the Pimpin et al. study
(31), which had a weight of ~80% in the meta-analysis due
to a much larger sample size (and correspondingly narrower
CI) than the other 2 studies included (28, 34).

Discussion

This systematic review found that higher total protein
intake during the first 2 y of life was associated with
subsequent higher BMI or BMI SDS in later childhood and
adolescence (from 3 to 10 y of age). Limited studies reported
the association between total protein intake from birth to
2 y and other obesity outcomes (BW, %BF, overweight risk,
FMI), and the totality of evidence remains inconclusive.
For protein sources, higher intakes of animal protein, but
not plant protein, from birth to 2 y were associated with
higher BMI or BMI SDS. Within animal protein, evidence
underpinning a positive association between dairy protein
intake and BMI or BMI SDS appeared to be stronger than
that for nondairy animal protein (meat/fish/eggs) intake.
Examination of associations between protein sources during
infancy and other obesity outcomes was limited, and findings
were mixed.

The findings of the current systematic review extend
the findings from 5 previously published reviews that also
reported high protein intake in early life as a risk factor for
later obesity outcomes (7, 8, 19, 41, 42). However, only 1
of these reviews adapted a systematic approach (41), and
it summarized the literature until 2013 on protein intake
from birth to 18 y and various long-term health outcomes,
including obesity (43). The 4 other reviews were narrative,
with only 2 that focused specifically on protein intake
in the first 2 y of life and obesity outcomes (7, 8). The
other 2 narrative reviews either reported on nutrient intakes
(including protein) during infancy and later obesity risk or
the effects of protein intake in the first 2 y of life on later
health including obesity (9, 10). None of these reviews have
provided in-depth evaluation of the literature on intakes of
both total protein and protein from different sources on
obesity outcomes including body composition.

Various mechanisms have been proposed to explain how
total protein intake in infancy may impact upon later
obesity outcomes (44-47). The “early protein hypothesis”
suggests that excess protein intake exceeding requirements
may stimulate the secretion of insulin and IGF-1 (7, 8, 27, 45,
46). High circulating concentrations of IGF-Iin the body may
stimulate adipogenesis via triggering both the differentiation
and multiplication of preadipocytes (7, 8, 48, 49). In addition,
high IGF-I may inhibit lipolysis (7, 8, 48), increasing long-
term susceptibility for increased obesity (50). Furthermore,



Effect Size Weight
Study with 95% Cl (%)
Hoppe, 2004.(28) 0.10[ -0.03, 0.22] 545
Thorisdottir, 2014.(34) —_—— 0.08[ 0.01, 0.15] 16.75
Pimpin, 2016.(31) —— 0.04[ 0.01, 0.07] 77.80
Overall i 0.05[ 0.02, 0.08]
Heterogeneity: ©* = 0.00, I* = 0.87%, H* = 1.01
Testof 6, = 6;: Q(2) = 1.43, p=0.49
Testof 6 =0: z=3.55, p=0.00
0 K 2
Body mass index (kg/m?)

Random-effects REML model

FIGURE 2 Study-specific and pooled estimates for the association between total protein intake (%E) from birth to 2 y and later BMI
(kg/m?). REML, restricted maximum likelihood; %E, percentage of energy.

it has been suggested that excess protein intake can be
converted into glucose via gluconeogenesis, which may lead
to an increased amount of glucose stored as fat within
the body and, in turn, promote body fat and weight gain
(29).

With respect to the impact of protein sources on obesity
outcomes, the differential effect of amino acids on insulin and
IGF-I may provide an explanation (8, 24). Animal proteins,
including meat and dairy proteins, are rich in leucine,
arginine, and lysine, which have been linked to an increased
secretion of IGF-I and the programming of preadipocytes
(8, 24, 41, 51). Furthermore, amino acids in animal sources
have also been shown to stimulate the mammalian target
of rapamycin (mTOR), which can be linked to excessive
adipogenesis (51, 52). In addition to the stimulation of
IGF-1, it has been postulated that milk proteins may have
insulinotropic properties that promote insulin production
and insulin resistance (14). Moreover, proteins are rarely
consumed in isolation but often with other macronutrients.
Nondairy animal protein (i.e., meat) is often found in foods
that are high in fat, which could potentially result in BW
gain when consumed in high amounts (24). In contrast, plant
protein has a lower leucine content than animal protein,
which potentially may help explain the lack of an association
between plant protein intake and obesity (24, 53). In contrast,
plant protein sources are often found in foods that are high
in fiber. Evidence has linked fiber to better satiety and a
healthier gut microbiota, which may protect against the
development of obesity (24, 54, 55).

This is the first review that systematically identified
and assessed prospective cohort studies that examined the
association between intakes of total protein and protein from
different sources during infancy and obesity outcomes in
childhood and adolescence. Most of the included studies
were of high quality with a large sample size and long
duration of follow-up (14, 24, 26, 27, 29, 31, 32, 34-
37). Most studies utilized a validated FFQ and WFR to
measure dietary intake (14, 24-38). Some studies assessed
protein intake at multiple time points during infancy (14,

25-27, 34). Moreover, protein intake was assessed as both
continuous and categorical variables to evaluate potential
linear dose-responses versus nonlinear relations (14, 25,
26, 31, 37, 38), Several studies used a longitudinal design
with repeated follow-ups that enabled the assessment of the
association between protein intake and longitudinal obesity
trajectories, increasing the reliability and robustness of result
(24, 29-32). A range of obesity outcomes, such as FMI,
FFMI, and %BE, rather than solely BMI, were examined (14,
24-37).

The included studies are subject to several important
limitations that warrant discussion. The observational nature
of all of the included studies cannot infer causal relations,
although some studies attempted to adjust for a wide
range of potential confounding factors such as child sex,
child birth weight, maternal BMI, breastfeeding status, and
total energy intake (14, 24-38). Given that obesity is a
multifactorial health condition, unmeasured and residual
confounding from other factors is possible. Comparison
between participants and dropouts was made in some
studies to address potential attrition bias (24, 25, 34).
The 16 included studies reported findings from 9 cohorts,
highlighting that further investigation in other population
groups is warranted. Furthermore, studies were reported
from high-income countries only, therefore limiting the
ability to provide a comprehensive view of infant protein
intake and obesity across global demographics (14, 24-38).
The generalizability of the findings to low- or middle-income
countries remains unclear. Lastly, assessment of obesity
outcomes was self-reported in some studies (30, 33, 38).
Reporting in a socially desirable way is common and may
influence the results of these studies. It is noteworthy that
there was large heterogeneity in study designs and measures
across the included studies, making it hard to generalize
the findings. There were also variations in age at both
protein intake and outcome assessments as well as insufficient
reporting of effects in some studies. Finally, limited studies
explored the existence of a linear versus nonlinear relation
between protein intake and obesity outcome, hindering the
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determination of an optimal intake level for protein intake
during infancy.

The present systematic review provides valuable evidence
for the association between protein intake during infancy
and later obesity in childhood and adolescence. The findings
could contribute to evaluation of recommendations for
optimal protein intake for infants aged 0-24 mo. Due
to the dearth of protein intake data during infancy and
limited evaluation of the long-term effects of protein intake
on later health, there is currently no standardized, global
recommendation for protein intake during infancy (56-
58). For infants aged 7-12 mo in Australia there is an
Adequate Intake set at 14 g/d (57). In the United States there
is an RDA of 11 g (58). The protein Reference Nutrient
Intake in the United Kingdom from 7 to 12 mo ranges
from 13.7 to 14.9 g/d (56). The evaluation and refinement
of infancy protein intake recommendations would facilitate
health care professionals to deliver evidence-based advice
for protein intake during infancy and guide parents to make
more healthful choices for their children in relation to
the consumption of protein-containing foods. Consequently,
this may lessen the development of obesity as well as the
morbidity and mortality associated with overweight and
obesity (59). In addition, knowledge on optimal protein
intake during infancy for obesity prevention would inform
the regulation of protein content in infant formulas or baby
foods and facilitate the revision/development of food-based
dietary guidelines for this age group (60, 61).

Although the existing research provides valuable insights
into the significant influence of increased protein intake
in infancy on BMI measures in childhood and adoles-
cence, additional research is warranted. Rigorously designed
prospective cohort studies and randomized controlled tri-
als with long follow-up periods into later childhood and
adolescence are needed to assess the long-term impact of
protein intake in infancy and later obesity development.
In addition, further studies should explore the potential
linearity of the relation between infancy protein intake
and obesity and how protein intake from different sources
influences obesity development as well as the underlying
mechanisms. To ensure the generalizability of findings
to the wider population, additional studies in a diverse
range of populations, ethnicities, and demographics are
required.

In conclusion, consistent with existing narrative reviews,
the present systematic review found that total protein intake
in the first 2 y of life was associated with higher BMI
in childhood and adolescence. Moreover, higher intake of
animal protein, but not plant protein, during infancy was
associated with higher BMI in childhood and adolescence.
The totality of evidence for total protein intake and protein
sources during infancy and other obesity outcomes remains
inconclusive. Future research with rigorously designed stud-
ies in wider population groups is needed to further assess the
long-term impact of protein intake in infancy and sources
on later obesity development as well as the underlying
mechanisms. Such information is fundamental for informing
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future evaluation of infant feeding guidelines and protein
nutrient recommended intakes.
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